An electrochemical study was conducted to evaluate the behaviour of modified electrodes of the DSA type (dimensionally stable anodes) with the purpose of determining its viability to produce hydrogen (H2(g)) through the catalytic electrolysis of water. The DSA electrodes were manufactured with a sheet of A304 stainless steel or Ti as the substrate, applying a coating of RuO2 by the modified Pechini method. Also, different types of materials were tested as cathodes, including plates of titanium (Ti), silver (Ag), stainless steels A304 and A316, graphite rods (GR), glassy carbon (VC) and platinum (Pt). The results showed that the use of A304|RuO2 and Ti|RuO2 DSA electrodes allowed lower cathodic potentials (≤ 1.0 V) for the start of the water reduction reaction to produce H2(g). The best arrangement and electrode material for the catalytic production of H2(g) was a DSA electrode of A304|RuO2 and A304 stainless steel plate as the cathode, which was even better than platinum, showing a high stability to modify their surface and structure. In conclusion, the use of a A304 stainless steel plate as a substrate instead of titanium to prepare DSA electrodes of A304/RuO2 for the catalytic production of H2(g) is viable and inexpensive.
INTRODUCTION
Hydrogen production is one of the most studied topics [1] [2] [3] [4] [5] [6] [7] , especially for use in combustion cells [8] [9] [10] [11] . Hydrogen can be obtained via different techniques, such as biological [12, 13] or the use of alternative energies such as solar and wind [14, 15] . However, it is still necessary to improve these methods for the sustainable production of hydrogen. Electrochemical techniques have played an important role in the development of this process [16, 17] , the importance of the counter electrode used and its stability have not been considered. Modified electrodes of the DSA type (dimensionally stable anodes) have emerged as an alternative, with a high chemical and electrochemical stability. The chosen coating must allow the transport of an electric charge between the base metal and the electrode/electrolyte interface, as well as being able to catalyse the electrochemical reactions of interest [18] . These electrodes are characterised by an active coating, such as ruthenium, deposited on a metal substrate, such as Ti. DSA electrodes have been used for the oxidation of dyes [19] , pesticides [20] , tannery wastewater [21] , and for the production of gases such as Cl2 and O2 [18, 22, 23] . These electrodes are elaborated from a solution of a polymeric precursor by means of the Pechini method, which consists of the polymerisation of the metallic citrate with ethylene glycol and the chelation of the cations using citric acid [24] . This procedure makes it possible to obtain a homogeneous resin in which the ruthenium ions are completely and uniformly distributed in the matrix [25] .
DSA electrodes have been used specifically for the production of oxygen [26, 27] , but also function as counter electrodes in hydrogen production during the catalytic electrolysis of seawater, when a manganese oxide coating was used [26] . However, until now, the use of a substrate of A304 stainless steel plates with a RuO2 coating for use as DSA counter electrodes in an electrochemical cell for hydrogen production has not been reported. Hence, the focus of this work was the preparation of modified electrodes (DSA) using plates of A304 stainless steel and Ti as a substrate, applying a RuO2 coating by a modified Pechini method, for use as anodes in the catalytic electrolysis of water. The surfaces of the modified electrodes were characterised using a scanning electron microscope equipment provided with an energy dispersive spectrometer (SEM/EDS), applying an analysis of elementary mapping. In addition, an electrochemical analysis was conducted to evaluate the behaviour of these electrodes together with different types of materials used as cathodes, with the purpose of determining its viability to produce hydrogen (H2(g)) in an electrochemical cell.
EXPERIMENTAL

Materials and preparation of electrodes
The electrodes used as cathodes in the electrochemical studies were titanium plates (Ti), silver (Ag), stainless steel A304 and A316, graphite bars (GR), glassy carbon (VC), platinum (Pt), while Pt and the modified DSA electrodes A304|RuO2 and Ti|RuO2 were used as anodes. The DSA electrodes of A304|RuO2 and Ti|RuO2 were prepared by a modification of the Pechini method, which consisted of changing the conditions of agitation and heating, allowed a better adherence of the coating to the surface of the substrates.. Briefly, a precursor polymeric solution of 0.012 mol of citric acid and 0.050 mol of ethylene glycol was prepared and heated to 70°C in a heating grate, before mixing to obtain a homogeneous solution. Then, 0.001 mol of RuCl3 was added and heating was continued with stirring to achieve a homogenous ink. All reagents used, such as ethylene glycol, citric acid, hydrochloric acid, ruthenium chloride, were analytical grade. The metal plates used as substrate (A304 and Ti) were previously polished with sand paper (400#) to remove impurities and roughen the surface. The Ti plate was prepared by pickling with concentrated hydrochloric acid and nitric acid, before rinsing with deionised water and drying in the muffle at 50°C. The steel substrate A304 was also applied by pickling, but with acid solutions of HCl and HNO3 to 20%. Subsequently, several layers of the prepared ink were applied on the metal substrates (Ti and A304) until the desired coating was obtained. Finally, the coating applied on the substrate of the electrodes was sintered with a heating ramp at 5°C/min until reaching 500°C. The surface of the prepared electrodes was characterised superficially by scanning electron microscopy (SEM/EDS). The metallic electrodes of Ti, Ag, A304 and A316 used as cathodes were mechanically polished with sand paper of different grain sizes (220, 320 and 400). Later, these were placed in an ultrasonic bath in deionised water for 10 minutes, prior to use in the electrochemical cell. The electrodes of GR, VC and Pt were only polished with a cloth and rinsed with water. All the electrodes were air dried.
Electrochemical experiments
All experiments were conducted using a traditional three-electrode cell at room temperature (25°C). The working electrodes (WE) were plates of A304, A316, Ag and Ti, or Gr and VC bars and Pt wire, while the counter electrodes (CE) were the DSA prepared electrodes (A304|RuO2 and Ti|RuO2) and Pt wire. A saturated calomel electrode (SCE, E = 0.245 V vs. a standard hydrogen electrode) was used as the reference electrode in all experiments. The electrolytic solution used was prepared with 10 g/L of NaOH. Electrochemical studies were performed using a Princeton Applied Research 263A
® potentiostat/galvanostat controlled by the Powersuite 3.0 ® software. Voltammetry experiments were carried out in a potentials range of -2.0 to 0.0 V, initiated towards the cathodic direction at a sweep rate of 25 mV·s -1 . In the chronoamperometry tests, the best arrangements (WE-CE) were selected that showed lower cathodic potential values (≤ -1.0V) where the evolution reaction of H2(g) occurs with a high current density. In the chronopotentiometry tests, the best arrangement (WE-CE) for H2(g) production was selected, using a commercial cell (type filter press) with 5 cathodes and 4 anodes, in an electrolytic solution of 10 g/L NaOH. A power source was used to supply current to the electrolytic cell, registering the potentials (V) and flow of H2(g) produced (mL/s) during the experiments.
RESULTS AND DISCUSSION
Characterisation of the surface of the DSA electrodes
Figures 1a and 1b show the images obtained by SEM of the DSA electrode surface of the Ti|RuO2 electrode. Figure 1a shows the coating on the surface of the plate that has a compact and fractured structure, typical of metal oxide coatings obtained by means of thermal decomposition, due to evaporation of the solvent or cooling of the electrode [28] . In addition, some agglomerations on the surface were observed that were not part of the compact structure. Figure 1b Figures 2a and 2b show the images obtained by SEM/EDS on the surface of the DSA electrode of A304|RuO2. A compact and fractured surface was also observed (Fig. 2a) , while in elementary mapping the Ru (highlighted in green) is homogeneous over the entire surface of the plate (Fig. 2b) .
These results indicate a good preparation of the DSA electrodes (Ti|RuO2 and A304|RuO2) was achieved by this method, independently of the metal used as the substrate. Therefore, these electrodes were used in the further electrochemical experiments.
Cyclic voltammetry
The graphs in Figure 3 show the voltammograms obtained from the systems: a) A304|RuO2, b) Ti|RuO2 and 3) Pt as CE, together with different materials (A304, A316, Ti, Pt, Ag, VC and GR) used as WE. The voltammograms show the potentials where an increase in the density of the cathodic current for each system begins. This increase can be quite informative, because it is related to the reactions that occur in the interface due to the nature of the solution and the electrodes [29] . In this case, it was related to the start of the evolution of H2(g) due to the reduction of the electrolytic medium. It was observed that with the WE of Ag, VC and GR in the three systems: a) A304|RuO2, b) Ti|RuO2 and c) Pt, the increase of the cathodic current density is too low (Fig. 3 a, b and c, respectively) , while for the systems where A304, A316, Ti and Pt were used as WE, the increase in cathodic current density is greater in the three systems (Fig. 3 a, b and c) .
A more detailed analysis is presented in Table 1 , where potential and current density (A*cm -2 ) data are shown for the beginning of H2(g) production evaluated in a potential of -1.9 V for all systems studied. It was observed that when using Ti, A304 or A316 as the WE and CE of A304|RuO2, Ti|RuO2 or Pt, the values of the potential where H2(g) production began were less cathodic (between -0.80 V to -0.95 V). It was also noted that the systems with WE of A304, A316, Ti or Pt and CE of A304|RuO2, Ti|RuO2 and Pt, present the highest values of current density (0.110 to 0.132 A*cm -2 ), associated with a further evolution of H2(g). It is important to mention that in the case of Pt, it only reached high current density values (j = -0.110 A*cm -2 ) when the WE-CE system was Pt-Pt, but even the density values of current were lower than when CE of A304|RuO2 and Ti|RuO2 were used (j = -0.136 and -0.112 A*cm -2 , respectively).
The results indicate that systems using DSA CE of A304|RuO2 and Ti|RuO2 or counter electrode of Pt, with WE A304, A316 or Ti, can thermodynamically favour hydrogen production at potentials < 1.0 V. However, the system with the highest current densities employed the DSA counter electrode of A304|RuO2. Therefore, in order to validate this behaviour and determine the best CE-WE arrangement, a chronoamperometry study was conducted in the system that showed the best performance for the beginning of the H2(g) evolution at potentials < 1.0 V. Figure 4 shows the potentiostatic transients obtained by chronoamperometry for the arrangements where a DSA CE of A304|RuO2 and WE of A304, A316, Ti or Pt (last was used for comparative purposes) were employed, in an electrolytic medium of 10 g/L NaOH. The value of the potential applied to the working electrode was -0.9 V (Fig. 4a) and -0.95 V (Fig. 4b) for 120 seconds, just after where the increase of the cathodic current was observed in these systems (see Fig. 3a and Table 1 ). This analysis shows that at potentials of -0.9 V (Fig. 4a) , only the arrangement using the DSA CE of A304|RuO2 and the WE A304 showed an increase in cathodic current density. The comparison of the potentiostatic transients in Fig. 4b show that a higher cathodic current density is again observed for the arrangement where the DSA CE of A304|RuO2 and WE of A304 (0.0125 A*cm -2 ) were used, followed by the WE A316 (0.0085 A*cm -2 ), Ti and Pt (< 0.001 A*cm -2 ). Thus, the WE of Pt and Ti showed an insignificant increase in the cathodic current density at these potentials, indicating that in these arrangements, H2 (g) is not yet produced, even when a Pt electrode is used. This is important due to the fact that an arrangement (CE-WE) that uses the least amount of energy to carry out the H2(g) generation is also being sought. The data corroborate the results obtained in the voltammetry study, indicating the possibility of the catalytic production of H2(g) at potentials <1.0 V using a DSA CE of A304|RuO2 and an A304 steel WE. The chronopotentiometry study for the production of H2(g) is shown below, using an electrochemical cell of filter press type with 5 cathodes and 4 anodes in an electrolytic solution of 10 g/L NaOH. A current of -0.0125 A*cm -2 was used, similar to that observed in the potentiostatic transient of the A304|RuO2 system and a WE of A304 (Fig. 4) at potentials of 0.95 V. Table 2 shows the recorded average values of the potential and the flow of H2(g) (mL/s) by imposing a current of -0.0125 A*cm -2 during 16 cycles of 1 hour of operation, in an electrochemical cell of a filter press type. The total electroactive area of the 5 cathodes of A304 was 800 cm 2 and of the 4 anodes of A304|RuO2 was 640 cm 2 . The potentials registered in the electrochemical cell range between 2.8 V and 3.45 V, with an average value of 2.95 V, while the flow of H2(g) produced in the electrochemical cell was between 2.25 and 2.67 mL/s, with an average value of 2.46 mL/s, regardless of the value of the potential registered. These results indicate that the coatings of the prepared electrodes (DSA) are very stable, since the potential and flow of H2(g) produced were in a closed range. Furthermore, no large changes or alterations in the surface of the electrodes are observed. Thus, taken together, these results established that the use of modified electrodes (DSA) of A304|RuO2 as anodes and cathodes of steel A304 allows the catalysis of the electrolysis of water to produce H2(g) in a stable manner, without any degradation of the surface or structure of the electrodes.
Chronoamperometry
Chronopotentiometry
CONCLUSIONS
The modified counter electrodes (DSA) of A304|RuO2 and Ti|RuO2 make it possible to obtain less cathodic potentials for the start of the generation of H2(g) in conjunction with the working electrodes of A304, A316 and Ti, even in comparison to electrodes of Pt. The response obtained by the DSA electrode prepared with a stainless steel A304 substrate and RuO2 coating (A304|RuO2) showed very similar behaviour to the DSA electrode of Ti (Ti|RuO2). Therefore, it was determined that it is feasible to use this material as a substrate to manufacture DSA electrodes. The modification of the Pechini method, which consisted of changing the conditions of agitation and heating, allowed a better adherence of the coating to the surface of the substrates. It was determined that the arrangement that presented the best behaviour to produce H2(g) at potentials lower than 1.0V was a CE of A304|RuO2 and a WE of A304. Finally, the results show that the DSA electrodes of A304|RuO2, prepared by the modified Pechini method, offer a stable surface and structure during the production of H2(g). Therefore, it is feasible and economical to use A304 steel as a substrate instead of titanium to prepare the DSA electrodes of type A304/RuO2 and use them as counter electrodes in the mass production of H2(g).
